The SoxXAYZB(CD) 2 -mediated pathway of bacterial sulfur-chemolithotrophy explains the oxidation of thiosulfate, sulfide, sulfur and sulfite but not tetrathionate. Advenella kashmirensis, which oxidizes tetrathionate to sulfate, besides forming it as an intermediate during thiosulfate oxidation, possesses a soxCDYZAXOB operon. Knock-out mutations proved that only SoxBCD is involved in A. kashmirensis tetrathionate oxidation, whereas thiosulfate-totetrathionate conversion is Sox independent. Expression of two glutathione metabolism-related proteins increased under chemolithotrophic conditions, as compared to the chemoorganotrophic one. Substratedependent oxygen consumption pattern of whole cells, and sulfur-oxidizing enzyme activities of cellfree extracts, measured in the presence/absence of thiol inhibitors/glutathione, corroborated glutathione involvement in tetrathionate oxidation. Furthermore, proteome analyses detected a sulfite:acceptor oxidoreductase (SorAB) exclusively under chemolithotrophic conditions, while expression of a methanol dehydrogenase (XoxF) homolog, subsequently named thiol dehydrotransferase (ThdT), was found to increase 3-and 10-fold during thiosulfate-totetrathionate conversion and tetrathionate oxidation respectively. A thdT knock-out mutant did not oxidize tetrathionate but converted half of the supplied 40 mM S-thiosulfate to tetrathionate. Knock-out of another thiosulfate dehydrogenase (tsdA) gene proved that both ThdT and TsdA individually converted~20 mM S-thiosulfate to tetrathionate. The overexpressed and isolated ThdT protein exhibited PQQ-dependent thiosulfate dehydrogenation, whereas its PQQindependent thiol transfer activity involving tetrathionate and glutathione potentially produced a glutathione:sulfodisulfane adduct and sulfite. SoxBCD and SorAB were hypothesized to oxidize the aforesaid adduct and sulfite respectively.
Introduction
Phylogenetically diverged bacteria can utilize different sets of reduced sulfur compounds as energy and electron sources ). While thiosulfate is the common substrate oxidized by almost every sulfurchemolithotrophic bacterium, tetrathionate and other polythionates are also oxidized by many of them (Kelly, 1989; Kelly et al., 1997; Ghosh and Dam, 2009) . For instance, a number of beta-and gammaproteobacteria oxidize tetrathionate and also form the same as an intermediate (S 4 I) during the oxidation of thiosulfate to sulfate (Trudinger, 1965; Visser et al., 1996; De Jong et al., 1997; Bugaytsova and Lindstr€ om, 2004; Ghosh et al., 2005; Rzhepishevska et al., 2007; Kikumoto et al., 2013) . A few alphaproteobacteria are also capable of oxidizing tetrathionate for chemolithotrophic growth, but they do not form S 4 I during thiosulfate oxidation (Kelly et al., 2000; Mukhopadhyaya et al., 2000; Lahiri et al., 2006; Ghosh and Roy, 2007) . The well-studied sulfur oxidation (Sox) pathway, epitomized in facultatively lithotrophic alphaproteobacteria (Kelly et al., 1997; Friedrich et al., 2001; Bamford et al., 2002) , accounts for the oxidation of thiosulfate, sulfide, elemental sulfur and sulfite but not tetrathionate, which remains less elucidated as a chemolithotrophic substrate than all other reduced sulfur species. Within the domain Bacteria, tetrathionate hydrolase (TetH) of the Acidithiobacillus species (De Jong et al., 1997; Kanao et al., 2007; Rzhepishevska et al., 2007) is the only tetrathionate-oxidizing enzyme that has been characterized so far at the molecular level. In this context, it is however remarkable to note that almost every beta-or gammaproteobacterium that oxidizes tetrathionate and forms S 4 I during thiosulfate oxidation (with the exception of Acidithiobacillus ferrooxidans), possesses sox genes (Supporting Information Fig. S1 ). Among these, the facultatively chemolithoautotrophic betaproteobacterium Advenella kashmirensis [previously known as Tetrathiobacter kashmirensis (Ghosh et al., 2005; Gibello et al., 2009) ] has a complete set of sox structural genes (soxXAYZBCD) clustered in a single locus of its genome (Supporting Information Fig. S1 ; see also Ghosh et al., 2011) . Furthermore, a previous study based on 34 S fractionation kinetics during thiosulfate oxidation had indicated that the S 4 I pathway of thiosulfate oxidation in A. kashmirensis has potential mechanistic overlaps, as well as exclusivities, with the prototypical Sox pathway of Paracoccus pantotrophus (Alam et al., 2013) . Proteomic data had also suggested that SoxB might play an essential role in tetrathionate oxidation by A. kashmirensis (Alam et al., 2013) . Here, we comprehensively assess the role of Sox, plus that of other potential novel gene(s), in tetrathionate oxidation, using A. kashmirensis as the model system. Involvement of Sox was investigated by carrying out knock-out mutations of individual sox genes, and testing the chemolithotrophic abilities of the mutants. Potentially novel chemolithotrophic genes were explored via proteomics of chemolithotrophically-versus chemoorganotrophically-grown cells. This led to the implication of a methanol dehydrogenase (XoxF) homolog in thiosulfate-to-tetrathionate conversion as well as tetrathionate oxidation. Knock-out mutation of the xoxFlike gene, and investigation of the activities of its overexpressed and isolated protein product, elucidated the mechanism of tetrathionate oxidation in A. kashmirensis.
Results and discussion
sox gene loci of A. kashmirensis
The genome of A. kashmirensis contains a soxCDY-ZAXOB cluster (Ghosh et al., 2011) that encodes all the essential components of the Sox multienzyme system (Friedrich et al., , 2005 (Friedrich et al., , 2008 Sauve et al., 2007) . Although the typical regulatory components soxSRT (Lahiri et al., 2006; Mandal et al., 2007; Orawski et al., 2007) are absent, a putatively novel glutathione disulfide reductase gene is present in-between soxX and soxB (Supporting Information Fig. S1 ; see also Pyne et al., 2017) . The predicted protein products of the sox structural genes have highest identities with homologs from such Alcaligenaceae and Burkholderiaceae species that have no reported sulfur-chemotrophic phenotype. All the cofactor-binding, and catalytic, motifs/domains that characterize the prototypical Sox proteins of alphaproteobacteria were found to be present in the A. kashimirensis homologs; the latter's identities with corresponding alphaproteobacterial prototypes, however, were 50%. Besides the main sox cluster, the A. kashmirensis genome bears one extra copy of soxB (TKWG_RS11385), two additional copies of soxCD (TKWG_RS00490 and TKWG_RS00485 and TKWG_RS17850 and TKWG_RS17845, respectively) and one pseudogenized extra copy of fused soxYZ (TKWG_RS18260). These paralogous copies of SoxB, SoxC or SoxD exhibited low (35-45%) identities with their respective counterparts from the main sox cluster (paralogous nature of the extra copies of SoxB, SoxC and SoxD is evident from the phylogenetic analyses given as Supporting Information). They were also found to lack many of the functionally-essential conserved features that characterize the corresponding alphaproteobacterial prototypes; so the present investigation focused on the functionality of the main sox cluster.
A. kashmirensis gene loci that encode sulfur oxidation proteins other than sox
The first step of thiosulfate oxidation in beta-and gammaproteobacteria involves its conversion to tetrathionate and is reportedly mediated by thiosulfate dehydrogenases that possess different structural configurations in different organisms (Lu and Kelly, 1988; Meulenberg et al., 1993; Visser et al., 1996; Nakamura et al., 2001) . A. ferrooxidans (Kikumoto et al., 2013) , Acidithiobacillus caldus and Thermithiobacillus tepidarius are the only S 4 I-forming thiosulfate-oxidizers where genes corresponding to thiosulfate dehydrogenase have been characterized or genomically detected (Supporting Information Fig. S1 ): these enzymes are the bacterial equivalents of the doxDA-encoded membrane-bound thiosulfate:quinone oxidoreductase (TQO) epitomized in thermoacidophilic archaea (Quatrini et al., 2009) . Apart from the DoxDA homologs, the only other bacterial thiosulfate dehydrogenase to be characterized thus far is the thiosulfate:acceptor oxidoreductase (TsdA) of the anoxygenic photolithotroph Allochromatium vinosum (Brito et al., 2015) . This organism converts only a small portion of the supplied thiosulfate to tetrathionate but cannot oxidize tetrathionate to sulfate (Hensen et al., 2006) . While no homolog of doxDA was detected in the A. kashmirensis genome, the 336-amino acids (aa)-long, translated product of one ORF, TKWG_RS10350, exhibited 41% identity with the 270-aa-long TsdA of A. vinosum (ADC61061). Despite low homology with the A. vinosum prototype, the A. kashmirensis TsdA possesses the two haem-binding motifs, the three distal haem ligands and all the conserved amino acid residues (Supporting Information Fig. S2 ) that characterize typical TsdA homologs (Denkmann et al., 2012) .
In beta-and gammaproteobacteria, tetrathionate oxidation has thus far been explained only by the pyrroloquinoline quinone (PQQ)-binding enzyme TetH. This enzyme, characterized from A. ferrooxidans as well as A. caldus (De Jong et al., 1997; Kanao et al., 2007; Kanao et al., 2013 Kanao et al., , 2014 Rzhepishevska et al., 2007; van Zyl et al., 2008) , also has an archaeal homolog characterized from Acidianus ambivalens (Protze et al., 2011) . Notably, no ORF similar to tetH was found in the A. kashmirensis genome.
Other sulfur-oxidation-related genes such as reverse dissimilatory sulfite reductase and sulfide oxidase are absent in A. kashmirensis; however, homologs of the sulfite:acceptor oxidoreductase genes sorA and sorB (Kappler et al., 2000 (Kappler et al., , 2001 are present (these have the locus tags TKWG_RS05215 and TKWG_RS05210, respectively).
The A. kashmirensis sox operon is thiosulfate-/ tetrathionate-inducible and transcribed as a polycistronic mRNA Bioinformatic analysis of the A. kashmirensis sox cluster, using the web-based softwares BDGP, Promoter 2.0 Prediction Server and Prokaryotic Promoter Prediction, identified two promoter-like sequences: one ahead of soxO, within the soxX ORF (indicated as P2 in Fig. 1A) , and another in the immediate upstream of soxB (indicated as P3 in Fig. 1A) . Notably, no promoter was predicted in the region (indicated as P1 in Fig. 1A ) upstream of soxC, the first gene of this cluster. However, RT-PCR experiments with the wild-type WT001
T as well as a soxCD knock-out mutant Ak_KoC showed that a promoter is not only located at the P1 site but is also the principal driver of transcription of this sox cluster (see below). In contrast, functional viability of P2 and P3 was evidenced by the results of a previous study on tetrathionate oxidation by A. kashmirensis (Pyne et al., 2017) . There, a tetrathionate oxidation-impairing Tn5 insertion in the soxO gene (where the polar effect of Tn5 was likely to hamper transcription of the downstream soxB) was complemented back to the wild-type phenotype via in trans delivery of soxO plus the P2 region, using the A. kashmirensis shuttle vector pBTKAS . In doing so it was proved that P2 can drive transcription in vivo, as it successfully transcribed soxO on the complementing plasmid. The aforesaid complementation also illustrated that P3 can transcribe soxB if transcription from P2, through soxO, was obstructed -if P3 had not transcribed soxB in that soxO::Tn5 mutant, successful reversion to wild-type phenotype would not have been possible via in trans supply of soxO alone (Pyne et al., 2017) .
To check the transcription of the A. kashmirensis sox cluster, qualitative reverse transcription (RT)-PCR was performed upon the total mRNA isolated from cells grown in chemolithoautotrophic minimal-salts-thiosulfate (MST) or minimal-salts-tetrathionate (MSTr) and chemoorganoheterotrophic minimal-salts-dextrose (MSD) media. cDNA was synthesized from the mRNA preparations using random hexameric primers, following which PCR was performed upon the cDNA templates using sox genespecific primer pairs (Supporting Information Table S1 ). While all the genes of the cluster were found to be transcribed during growth in MST as well as MSTr, no transcript was detected in cells grown in MSD ( Fig. 2A) . This observation concluded that all the components of this sox cluster are inducibly transcribed in the presence of thiosulfate or tetrathionate. Subsequently, similar qualitative RT-PCRs were performed upon total mRNA isolated from MST grown cells with a series of primer pairs (Supporting Information Table S2 ) that specifically bracketed the 3' end of the first, and the 5' end of the second, gene of every consecutive gene-pair of this sox cluster. Amplicons were obtained for all these RT-PCR experiments (Fig. 2B) , thereby indicating that this sox cluster is transcribed as a single mRNA from the P1 promoter.
Substrate-dependent oxygen consumption rates of chemolithotrophically versus chemoorganotrophically grown cells corroborated the sulfur-compounds-inducible nature of the A. kashmirensis sulfur oxidation machinery. In the presence of thiosulfate, tetrathionate or sulfite, MST-or MSTr-grown cells exhibited higher oxygen consumption rates than MSD-grown ones (Supporting Information Fig. S3A-C) . Thiosulfate-, tetrathionate-or sulfite-oxidizing activities of the cell-free extracts (CFE) of MST-or MSTrgrown cells were also considerably higher than those of MSD-grown cells (Supporting Information Fig. S3D-F) .
Involvement of soxB and soxCD in A. kashmirensis tetrathionate oxidation
The soxY, soxB or soxCD genes of the A. kashmirensis sox operon were individually inactivated by homologous-recombination-based insertion of antibiotic-resistance cassettes (Fig. 1A) , and the sulfur-oxidizing potentials of the respective mutants were compared with those of the wild-type by growing them in MST or MSTr. Thiosulfateas well as tetrathionate-oxidizing abilities of the DsoxY mutant Ak_KoY (Fig. 1D and E) were almost same as those of the wild-type (Fig. 1B and C) . In contrast, the DsoxB ( Fig. 1F and G) and DsoxCD ( Fig. 1H and I ) mutants (named Ak_KoB and Ak_KoC, respectively) were totally impaired in tetrathionate oxidation, even as their thiosulfate-to-tetrathionate-converting abilities were same as the wild-type. In MST, both Ak_KoB and Ak_KoC converted thiosulfate equivalent to 40 mM S to tetrathionate; but neither of them oxidized that tetrathionate further; the two mutants could not also oxidize the tetrathionate provided as substrate in MSTr. These phenotypes of Ak_KoB and Ak_KoC remained unaltered when they were grown in dextrose-supplemented, mixotrophic variants of MST and MSTr, that is, MSTD and MSTrD, respectively; substrate-dependent oxygen consumption patterns of the mutants also supported the batch culture phenotypes (data not shown).
Analysis of sox transcripts and validation of Ak_KoC and Ak_KoY
PCR was done on Ak_KoC, Ak_KoY or Ak_KoB using relevant sox gene-specific primer-pairs designed from the two flanks of the gene positions/gene segments where antibiotic-resistance cassette had been inserted. kashmirensis, and test of the sulfur-oxidation phenotypes of the respective mutants. A. Physical map of the sox operon showing location of the potential promoters, plus the positions within the ORFs where antibiotic-resistance cassettes were inserted for mutant generation. Nucleotide numbers indicate the span of this operon within the A. kashmirensis genome. Arrows indicate the orientation of the antibiotic-resistance cassettes. B and C. Kinetics of thiosulfate and tetrathionate oxidation by the wild-type strain WT001 T respectively. D and E. Kinetics of thiosulfate and tetrathionate oxidation by the DsoxY mutant Ak_KoY respectively. F and G. Kinetics of thiosulfate and tetrathionate oxidation by the DsoxB mutant Ak_KoB respectively. H and I. Kinetics of thiosulfate and tetrathionate oxidation by the DsoxCD mutant Ak_KoC respectively. J and K. Kinetics of thiosulfate and tetrathionate oxidation by the soxB-complemented derivative of Ak_KoB respectively. L and M. Kinetics of thiosulfate and tetrathionate oxidation by the soxCD-complemented derivative of Ak_KoC respectively. -᭜-, -᭹-, -᭢-and --denote mM S present in the spent media (at any time point of incubation) in the form of thiosulfate, tetrathionate, sulfite and sulfate respectively. -᭡-denotes the pH of the spent media at any given time point of incubation.
When these PCR products were fully sequenced it was found that in all the three mutants antibiotic resistance cassettes had inserted in a soxC-to-soxB orientation. Consequently, it was imperative to know whether insertion of the chloramphenicol-resistance (cam R ) and kanamycin-resistance (kan R ) gene cassettes in soxCD and soxY, respectively, had any polar effect, or whether the cassettes' own promoters could drive transcription of the downstream genes (these issues did not arise for Ak_KoB, since soxB is the last gene of the operon). Qualitative RT-PCRs were performed upon the total mRNAs isolated from MSD-, MSTD-or MSTrD-grown Ak_KoC cells using sox gene-specific primer pairs listed in Supporting Information Table S1 . Results showed that soxD, soxY, soxZ, soxA, soxX, soxO and soxB but not soxC were transcribed in Ak_KoC, irrespective of whether the cells were grown in MSD (Fig. 2C) or MSTD/MSTrD (since results were same for both the mixotrophic media, data obtained from only the MSTrDgrown cells have been shown in Fig. 2D ). There was no RT-PCR product for soxC because the reverse-primer used for its amplification from the cDNA was specific for that region of the gene which, in Ak_KoC, had already been exchanged with the cam R cassette. In contrast,
RT-PCR product was obtained for soxD because the primer-pair used for its amplification bracketed a region located downstream of the segment that was exchanged with the cam R cassette in Ak_KoC. In MSTrD-grown Ak_KoC cells, which did not oxidize tetrathionate but grew only on dextrose, transcription of soxD through soxB could have been driven either by (i) the tetrathionate-inducible P1 promoter or (ii) the promoter native to the cam R cassette, which did not have any terminator sequence at its end. To answer this question additional RT-PCRs were performed using the usual soxC-forward-primer in combination with a reverse primer that goes upward from the N-terminal end of the cam R gene (see the last primer-pair of Supporting Information Table S1 ) -products of desired size and sequence were obtained from MSTrD-, but not MSDgrown, Ak_KoC cells (Lane C-Cm in Fig. 2C and D) , thereby implicating the following: (i) in MSTrD-grown Ak_KoC cells, the P1 promoter was activated in the presence of tetrathionate (even though the substrate was not oxidized) to drive transcription through the disrupted soxC and the cam R gene and (ii) on the other hand, in MSD-grown Ak_KoC cells, transcription of sox genes downstream of the cam R cassette was driven by the promoter of the cassette. So far as the thiosulfate-/tetrathionate-inducible nature of P2 or P3 are concerned, the same were evidenced by the following RT-PCR experiments based on the sox-O::Tn5 mutant described by Pyne et al. (2017) : (i) soxBspecific RT-PCR products were obtained form MSTrD-/ MSTD-grown, but not MSD-grown, cells of the sox-O::Tn5 mutant (Supporting Information Fig. S4A and B) ; T using primerpairs specific for soxC, soxD, soxY, soxZ, soxA, soxX, soxO or soxB. To check the transcriptional viability, plus the thiosulfate-or tetrathionateinducible nature, of this sox operon, results of RT-PCR upon RNA isolated from MST-or MSTr-grown cells were compared with those obtained from MSD-grown cells. B. Gel electrophoresis of DNA fragments obtained by RT-PCR upon total cellular RNA isolated from MST-grown cells of WT001 T , using primer-pairs bracketing every consecutive gene-pair of this sox operon. C-F. Qualitative RT-PCR-based analysis of the transcription of the sox operon of Ak_KoC and Ak_KoY respectively. PCR was done upon cDNA prepared from the total cellular RNA of Ak_KoC and Ak_KoY grown in MSD (C and E, respectively) and MSTr (MSTrD in case of Ak_KoC) media (D and F, respectively), using primer-pairs specific for the 16S rRNA gene, the individual genes of the sox operon, and/or the antibiotic cassettes inserted into the sox genes. this proved that P3 was induced in the presence of sulfur compounds, and (ii) the following RT-PCR products were obtained from a P2-plus-soxO-complemented derivative of the soxO::Tn5 mutant grown in MSTr or MST, but not in MSD: (i) one specific for the intersection between the N-term of soxO and the inverted repeats at the Tn5 flanks and (ii) another bracketing that soxO region which had been disrupted by Tn5-insertion in the mutant (Supporting Information Fig. S4B ). These results proved the thiosulfate-/tetrathionate-inducible nature of P2: the soxO-Tn5 intersection product proved that the original soxO copy of the genome was indeed disrupted; therefore, the soxO-specific product must have originated from a P2-driven transcription of the soxO copy loaded on the complementing plasmid.
RT-PCR experiments were also performed to verify whether, in Ak_KoY, the promoter of the kan R cassette could drive transcription of soxZ through soxB; and also whether the P1 promoter could transcribe the soxCD genes, upstream of the disrupted soxY. Qualitative RT-PCR was performed using primers-pairs specific for each sox gene (listed in Supporting Information Table S1 ), upon the total mRNAs isolated from Ak_KoY cells grown in MST, MSTr or MSD. Whereas only the genes located downstream of the disrupted-soxY, namely soxZ, soxA, soxX, soxO and soxB, were transcribed in the MSDgrown cells (Fig. 2E) , all the sox genes except soxY were transcribed in MST-/MSTr-grown cells (since results were same for both the chemolithotrophic media, data obtained from only the MSTr-grown cells have been shown in Fig. 2F ). In both the cases, there was no RT-PCR product for soxY because the reverse-primer used was specific for that region of the gene which, in Ak_KoY, had been moved 1121 bp downstream from its original position due to kan R cassette insertion. The above data collectively implicated the following: (i) the P1 promoter was inducible only in the presence of sulfur compounds; (ii) the promoter of the kan R cassette could drive the transcription of the sox genes located downstream of the insertion site and (iii) an intact soxY transcript was not there in Ak_KoY, but that deficiency did not affect its sulfur oxidation phenotypes. We therefore hypothesized that the oxidative coupling of sulfur compounds with SoxYZ, which is the first step of the typical alphaproteobacterial Sox process, is not involved in A. kashmirensis sulfur oxidation. As a corollary, the cytochrome pair SoxXA, which is known to transport the electrons released from SoxYsulfur-substrate binding (Appia-Ayme et al., 2001) , may also have no role in A. kashmirensis sulfur oxidation.
Complementation of the DsoxB and DsoxCD mutations
DsoxB and DsoxCD mutations in Ak_KoB and Ak_KoC, respectively, were complemented by delivering in trans [using the shuttle vector pBTKAS ] the intact forms of the mutated genes together with the native promoters located in their immediate upstream (i.e., P3 in case of soxB and P1 in case of soxCD). When the plasmid constructs pBTKASsoxB and pBTKASsoxCD were electroporated into Ak_KoB and Ak_KoC, respectively, the transformed strains regained the wild-type phenotype for tetrathionate oxidation in MST as well as MSTr (Fig. 1J-M) , thereby confirming the involvement of soxB and soxCD in A. kashmirensis tetrathionate oxidation.
Comparative proteomics implicated thiol groups, and a novel PQQ-binding dehydrogenase, in tetrathionate oxidation
Comparative proteomics revealed nine such non-Sox proteins that are either expressed de novo, or increase their expressions at least two-fold, during thiosulfate-totetrathionate conversion in MSTD and/or tetrathionate oxidation in MSTrD, as compared to their respective levels of expression during growth without sulfur (i.e., in MSD). Table 1 shows the putative functions of these proteins (as predicted by homology and conserved domain searches), alongside the MALDI-mass sprectroscopic (MS) data involved in their identification. Out of the nine proteins shown in Table 1 , serial numbers one to eight were identified from experiments based on total cellular proteins ( Fig. 3 ), while only protein number nine [the sulfite oxidase subunit (SorA) of the periplasmic sulfite:acceptor oxidoreductase SorAB] was identified from the analysis of total periplasmic proteins (electrophoretogram not shown). The putative dehydrogenase/ reductase and the dioxygenase superfamily protein exhibited increased expression only during thiosulfateto-tetrathionate conversion, whereas the putative glutathione(GSH)-dependent protein increased its expression exclusively during tetrathionate oxidation; rest of the six proteins increased their expression, or were produced de novo, under both thiosulfate-and tetrathionateoxidizing conditions, as compared to nonsulfur-oxidizing conditions (Table 1) . Among all the proteins having enhanced/de novo expression in MSTD and/or MSTrD the following could hold direct or indirect implications for sulfur oxidation: (i) SorAB -this protein is known to oxidize free sulfite (Kappler et al., 2000 (Kappler et al., , 2001 , which is a free intermediate of tetrathionate oxidation by A. kashmirensis ( Fig. 1B and C; see also Dam et al., 2007; Alam et al., 2013) ; (ii) DsbG and DsbA -increased expression of these periplasmic thiol:disulfide interchange proteins indicated that thiol-transfer reactions could be involved in A. kashmirensis sulfur oxidation; (iii) glutathione-metabolism- Serial numbers 2 and 5 showed increased expression only during thiosulfate-to-tetrathionate conversion; number 8 showed increased expression only during tetrathionate oxidation; and all others were found to increase expression in both the conditions.
b.
MASCOT score obtained during the NCBI nonredundant protein database search.
c.
Sequence of the MASCOT hit covered by the matched peptides expressed as a percentage of the total sequence length.
d.
Number of mass values in the peptide mass fingerprint that matched with the MASCOT hit.
e. Total number of mass values present in the peptide mass fingerprint. *Notably, the gene encoding this protein is absent in the NCBI Reference Sequence (NC_017964) of the A. kashmirensis genome. However, a gene encoding this putative dehydrogenase/ reductase (AFK64205) was clearly annotated in the complementary strand between nucleotide positions 3942216 and 3942764 (locus AKWG_22975) of the GenBank sequence (CP003555) of the A. kashmirensis genome. The present proteomic detection confirmed that the annotation of this region in CP003555, and not in NC_017964, is actually correct. #This protein was identified in proteomic study of the periplasm of A. kashmirensis, the corresponding spot therefore is not present in Fig. 3 .
related proteins -their increased expression not only corroborated the centrality of thiol groups but also suggested GSH to be the source of the thiol required. Of all the proteins exhibiting increased expression under both thiosulfate-and tetrathionate-oxidizing conditions, maximum enhancement was observed for one PQQbinding dehydrogenase (PQD). This protein, remarkably, increased its expression 10-fold during tetrathionate oxidation and three-fold during thiosulfate-to-tetrathionate conversion, as compared to its expression-level in MSD.
Taking cues from the above data we first physiologically examined the involvement of thiols (particularly glutathione) in A. kashmirensis sulfur oxidation and, then, performed a homologous recombination-based mutation of the gene (TKWG_RS12930) encoding the PQD protein. , but cells treated with the thiol-binding reagents exhibited almost no tetrathionate-dependent oxygen consumption (Fig. 4B ), which is consistent with a previous hypothesis that envisaged the involvement of thiol groups in the initial steps of chemolithotrophic tetrathionate oxidation (Trudinger, 1965) . Sulfite-dependent oxygen consumption, however, was unaffected by thiol-binding reagents (Fig. 4C ). As MSTand MSTr-grown cells showed equivalent results for all the above experiments, data for only the former are shown in Fig. 4A -C. Abolition of tetrathionate-dependent oxygen consumption evidenced the centrality of thiol groups in tetrathionate oxidation. In contrast, reduction in thiosulfatedependent oxygen consumption rates could be attributable to no further oxidation of the S 4 I formed from thiosulfate and/or NEM-/iodoacetamide-mediated inhibition of the thiosulfate-to-tetrathionate converting enzyme(s), as demonstrated for TsdA (Grabarczyk et al., 2015) .
Potential role of glutathione as the thiol source needed for tetrathionate oxidation was tested by comparing the substrate-dependent oxygen consumption rates of chemolithotrophically grown cells preincubated with GSH with those of cells not incubated with GSH. A threefold increase in the rate of tetrathionate-dependent (and not thiosulfate-or sulfite-dependent) oxygen consumption was observed for both MST-and MSTr-grown cells preincubated with 10 mM GSH in comparison to the untreated sets. Since MST-and MSTr-grown cells showed equivalent rate enhancements, data for only the former types are shown in Fig. 4D . Potential effects of GSH on the activities of the thiosulfate-, tetrathionateand sulfite-oxidizing enzymes of A. kashmirensis were also checked in the cell-free extracts of this organism. Here, also MST-and MSTr-grown cells yielded equivalent results, so data for only the former types are shown in Fig. 4E -G (in comparison with the negligible enzyme activities of MSD-grown cells). In the absence of GSH, Fig. 3 . Comparison of the two-dimensional electrophoretic maps of the total cellular proteins isolated from A. kashmirensis WT001 T cells grown in the absence of any sulfur substrate (i.e., in MSD) or in the presence of thiosulfate (i.e., in MSTD) or tetrathionate (i.e., in MSTrD). The eight non-Sox protein spots that were found to express de novo, or increase their expressions, during growth in MSTD and/or MSTrD have been marked with arrows and numbered accordingly (for identification see Table 1 ). Notably, no spot approximating the theoretical molecular weight and pI of any of the Sox proteins except SoxB was discernible; furthermore, the inducible expression of SoxB in MSTD as well as MSTrD has been reported elsewhere (Alam et al., 2013) , so the SoxB spot was not ascribed any serial number in this figure or in Table 1. specific activities of the thiosulfate, tetrathionate-and sulfite-oxidizing enzyme systems (measured as lmol ferricyanide reduced mg protein 21 min 21 ) were found to be 3.55, 1.08 and 0.84 respectively. The specific activity of the tetrathionate-oxidizing enzyme system increased to 3.23 when GSH was added to the reaction mixture ( Fig. 4F ), whereas activities of the thiosulfate-and sulfite-oxidizing systems remained almost unchanged ( Fig. 4E and G) . When the oxygen consumption, as well as the enzyme activity, assays were repeated by replacing GSH with cysteine as the thiol source, no enhancement in tetrathionate oxidation efficacy was observed.
Knock-out of the PQD gene evidenced its involvement in both thiosulfate-to-tetrathionate conversion and tetrathionate oxidation
Potential sulfur oxidation-related role(s) of the PQD protein was investigated by inactivating the corresponding gene via insertion of a tetracycline-resistance (tet R ) cassette ( Fig. 5A ), followed by physiological characterization of the resultant mutant designated as Ak_KoP. Localization/orientation of the tet R cassette within the PQD locus was checked by PCR using a primer-pair designed from the two flanks of that position of the native gene where the tet R cassette had been inserted.
When this PCR product was fully sequenced, it was found that the tet R cassette had integrated along the transcriptional direction of this gene. When grown in MST, Ak_KoP converted thiosulfate equivalent to only 20 mM S to tetrathionate, as against 40 mM S by the wild-type (Fig. 5B) . In doing so it established the potent role of PQD in thiosulfate-totetrathionate conversion by A. kashmirensis. Furthermore, this result pointed out that the putative tsdA homolog, which was intact in the Ak_KoP genome, could be responsible for converting 20 mM S thiosulfate to equivalent tetrathionate. Notably, thiosulfate-to-tetrathionate-converting Sox-Xox collaboration for tetrathionate oxidation 177 ability of Ak_KoP remained unchanged when MST was supplemented with dextrose (i.e., in MSTD): in this mixotrophic medium the mutant recorded an OD 600 of 0.6 in 48 h (Fig. 5C ), but the amount of thiosulfate converted did not increase above 20 mM S. This indicated that the thiosulfate-to-tetrathionate-converting ability of the TsdA protein was intrinsically limited to the equivalence of 20 mM S; and the decreased efficacy of Ak_KoP (as compared to the wild-type) was not due to the low growth yield of the two electrons released during thiosulfate to tetrathionate conversion.
Ak_KoP had no tetrathionate-oxidizing ability: it could neither utilize the 20 mM S tetrathionate formed from thiosulfate during growth in MST (Fig. 5B ) nor could it oxidize the 40 mM S tetrathionate provided in MSTr (Fig. 5D ). The PQD-mutation was complemented by delivering in trans (via the pBTKAS-based construct pBTKASthdT) the entire ORF encoding the protein plus its bioinformatically predicted promoter P P (see Fig. 5A ). The resultant Ak_KoP-derivative regained wild-type phenotypes for thiosulfate-to-tetrathionate conversion as well as tetrathionate oxidation (Supporting Information T respectively. -᭜-, -᭹-, -᭢-and --denote mM S present in the spent media in the form of thiosulfate, tetrathionate, sulfite and sulfate, respectively (at any time point of incubation). -᭡-denotes the pH of the spent media recorded at different time-points. -᭛-denotes OD 600 of the culture. Fig. S5A and B) . In view of these results, and based on its subsequently-evident dehydrogenation plus thioltransfer activities, the PQD protein was named thiol dehydrotransferase (ThdT).
The putatively periplasmic, 615-aa-long ThdT has no homology with the TetH sequences of Acidithiobacillus species: the only meaningful alignment with the 499-aalong TetH of A. ferrooxidans (ACK80599) was over a stretch of 150 aa residues (positions 127 and 278 of ACK80599), albeit with a mere 23% identity. On the contrary, ThdT exhibited high homologies with the XoxF variants of PQQ-linked methanol dehydrogenases (MDHs) (Nakagawa et al., 2012; Keltjens et al., 2014; Pol et al., 2014; Skovran and Martinez-Gomez, 2015; Chu and Lidstrom, 2016) . Highest ( 75%) identity was detected with a number of XoxF homologs from betaproteobacteria, including Methyloversatilis species. When aligned pairwise with the XoxF (WP_003597620) and XoxF2 (WP_012753032) homologs of the model methylotroph Methylobacterium extorquens AM1, ThdT exhibited 68 and 69% identities respectively. Identities of ThdT with the MxaF (WP_003599114) and MxaF2 (WP_003602767) of AM1 were found to be 50 and 40% respectively. In the A. kashmirensis genome, thdT (TKWG_RS12930) is followed by a xoxG (TKWG_RS12935) and a xoxJ (TKWG_RS12940) homolog, while there is no other MDH-related gene anywhere (Fig. 5A1) .
In view of the above relationships of ThdT, A. Knock-out of the tsdA homolog proved its involvement in thiosulfate-to-tetrathionate conversion
The tsdA gene was inactivated via kan R cassette insertion ( Fig. 5A) , individually in the wild-type WT001 T and the DthdT mutant Ak_KoP, resulting in the generation of the mutant strains Ak_KoT and Ak_KoP_KoT respectively. Localization/orientation of the kan R cassette in the tsdA locus of Ak_KoT or Ak_KoP_KoT was checked by PCRs bracketing genome:kan R -cassette intersection regions, followed by sequencing of the PCR products. This showed that in both the mutants kan R cassettes had been integrated in orientations reverse to the transcriptional direction of tsdA. In MST medium, Ak_KoT, apparently via the activity of ThdT alone, converted only 22 mM S thiosulfate to equivalent tetrathionate in 30 h; the rest of the 18 mM S thiosulfate remained intact even after 72 h of incubation (Fig.  5E ). This thiosulfate-to-tetrathionate-converting ability of Ak_KoT did not change when MST was supplemented with dextrose (i.e., in MSTD): here, the mutant recorded an OD 600 of almost 0.8 in 66 h (Fig. 5F ), but the amount of thiosulfate converted to tetrathionate did not go above 22 mM S. This result evidenced that the thiosulfate-totetrathionate-converting ability of ThdT, like that of TsdA, was intrinsically limited to the equivalence of approximately 20 mM S. So far as tetrathionate oxidation was concerned, Ak_KoT, unlike Ak_KoP, could completely oxidize the 22 mM S tetrathionate that was formed from thiosulfate in MST medium (Fig. 5E) ; furthermore, when grown in MSTr, Ak_KoT, in the same way as the wildtype, oxidized the entire 40 mM S tetrathionate provided (Fig. 5G) . The DtsdA mutation in Ak_KoT was complemented by delivering in trans the entire tsdA ORF and its bioinformatically-predicted promoter P T (see Fig. 5A ), via the pBTKAS-based construct pBTKAStsdA; the resultant strain was found to behave in the same way as the wildtype in terms of thiosulfate-to-tetrathionate conversion (Supporting Information Fig. S5C ). Consistent with the above results, the DthdT-DtsdA double mutant Ak_KoP_ KoT exhibited zero ability to convert thiosulfate to tetrathionate in MST (Fig. 5H) , while it did not also oxidize any tetrathionate in MSTr (Fig. 5I) .
In order to elucidate why both TsdA and ThdT cannot individually convert thiosulfate to tetrathionate in equivalence of greater than 20 mM S, and whether potential thermodynamic back-pressure from product accumulation was responsible for this limitation, we individually tested the phenotypes of Ak_KoP, Ak_KoT and the wildtype WT001 T , in MSTTr medium containing both thiosulfate and tetrathionate at equivalences of 20 mM S each. Over 60 h of incubation in this medium, Ak_KoP converted thiosulfate equivalent to only 2 mM S to tetrathionate, while no tetrathionate was oxidized at all (Fig. 5J) . Ak_KoT also could convert only 3 mM S thiosulfate to equivalent amount of tetrathionate over 66 h of incubation in MSTTr; however, as expected, the entire 23 mM S tetrathionate was oxidized to sulfate over this time period (Fig. 5K ). Contrary to Ak_KoP or Ak_KoT, WT001 T , by the activity of TsdA and/or ThdT, converted the entire thiosulfate supplied (20 mM S) to equivalent amount of tetrathionate within 8 h of incubation in MSTTr; by this time tetrathionate concentration in the culture-medium reached 30 mM S and tetrathionate Sox-Xox collaboration for tetrathionate oxidation 179 oxidation also commenced, forming sulfite and sulfate equivalent to 2 and 7 mM S respectively (Fig. 5L) .
Comparison of the thiosulfate-to-tetrathionate conversion rates of Ak_KoP (Fig. 5B) and Ak_KoT (Fig. 5E ) in MST reveals that the TsdA-mediated process (operating alone in Ak_KoP) has a much longer lag phase than the ThdT-mediated one (operating alone in Ak_KoT); the rate of the TsdA-driven process is also 40% slower than the one driven by ThdT. We therefore hypothesize that thiosulfate-to-tetrathionate conversion in the wildtype WT001
T is potentially initiated by ThdT, and TsdA contributes in the subsequent stages of the process. This possibility is supported by the following features of the thiosulfate-oxidation kinetics of WT001 T in MST (see Fig. 1B ): (i) the first 20 mM S thiosulfate is converted to equivalent amount of tetrathionate in a little over 8 h of incubation, whereas the remaining 20 mM S thiosulfate is converted in 28 h, and (ii) sulfate formation from the S 4 I that requires ThdT does not start before the first 20 mM S thiosulfate has been converted to equivalent amount of tetrathionate. These data not only support the early, single-handed involvement of ThdT in thiosulfate-to-tetrathionate conversion but also suggest that TsdA plausibly intervenes at that time-point when ThdT switches to its tetrathionate-oxidation-related activity, just after the 20 mM S conversion point. How these two proteins cross-talk to coordinate their sequential activities in A. kashmirensis, and what biochemical signals prompt ThdT to switch-over to its tetrathionateoxidation-related activity, needs to be investigated in future: (i) higher thiosulfate-affinity of ThdT, as compared to that of TsdA, and (ii) tetrathionate accumulation above 20 mM S arresting thiosulfate-to-tetrathionateconversion by ThdT (as apparent form Ak_KoT phenotype in MSTTr), seem to be some of the many regulatory drivers involved; in addition, ThdT should have distinct active-sites for binding thiosulfate and tetrathionate. Potential ThdT-TsdA cross-talks assume further significance in view of the fact that TsdA can apparently take up, and carry on with, thiosulfate-to-tetrathionateconversion in the midst of 20 mM S tetrathionate, when ThdT is present (as evident form the wild-type phenotype in MST; Fig. 1B ), but not when the latter is absent (as evident form the Ak_KoP phenotype in MSTTr; Fig. 5J ). Furthermore, in this context, the temporal relation between the activities of ThdT and/or TsdA during thiosulfate-to-tetrathionate-conversion by the wild-type in MSTTr also remains unresolved.
Periplasmic localization of the A. kashmirensis sulfur oxidation machinery
MST-grown cells of A. kashmirensis were harvested and fractionated into periplasmic, cytoplasmic and membrane fractions (by methods described in Supporting Information), following which the individual fractions were assayed for the activities of the thiosulfate-, tetrathionate-or sulfite-oxidizing enzyme systems. Highest specific activities (measured as nanomol of ferricyanide reduced mg protein 21 min 21 ) for all the three enzyme systems were obtained from the periplasmic fraction, the purity of which was evidenced by its lack of activity for the cytoplasmic marker glucose 6-phosphate dehydrogenase and the cytoplasmic membrane marker succinate dehydrogenase. As shown in Supporting Information Fig. S6 , the periplasmic fraction showed a specific activity of 3.2 for the thiosulfate dehydrogenation system, while for the cytoplasmic and membrane fractions, the corresponding values were 0.74 and 0.18 respectively. Again, in the periplasmic, cytoplasmic and membrane fractions, specific activities of the tetrathionate-/sulfite-oxidizing enzyme systems were found to be 0.96/1.28, 0.09/0.41 and 0.08/0.16 respectively. The small amount of specific activities recorded in the cytoplasm and membrane for all the three enzyme systems were attributable to the contamination of these fractions by periplasmic proteins because the cytoplasmic and membrane fractions exhibited specific activities of 5-10 lmol p-nitrophenol formed mg protein 21 min 21 in assays for the periplasmic marker enzyme, acid phosphatase.
In concurrence with the above results, all the putative Sox protein encoded from the A. kashmirensis sox operon were bioinformatically predicted to be localized in the periplasm (conclusions were drawn from the consensus of the results obtained from the web-based softwares PSORTb 3.0.2, CELLO 2.5, SignalP 4.1 and PRED-TAT). Similar analyses for the putative ThdT and TsdA indicated that these proteins could also have periplasmic localizations. Likewise, the sulfite:acceptor oxidoreductase SorAB, or for that matter the thiol:disulfide interchange proteins DsbG and DsbA, which in proteomic studies were found to increase expression during tetrathionate oxidation as well as thiosulfate-totetrathionate conversion, were also predicted to be periplasmic. All the above findings corroborated that sulfuroxidation in A. kashmirensis is a periplasmic process.
Activities of the overexpressed ThdT on thiosulfate and tetrathionate
The ORF encoding ThdT was PCR-amplified from the A. kashmirensis genome using the primer-pair given in Supporting Information Table S3 and cloned into the expression vector pQE30. The resultant construct pQthdT was transformed into Escherichia coli M15, and the overexpressed, His-tagged, ThdT was isolated (Fig. 6C ) and assayed for potential activities on (i) thiosulfate and (ii) tetrathionate. (i) Ferricyanide reduction assay (Trudinger, 1961a,b; Mukhopadhyaya et al., 2000) was used to investigate the potential thiosulfate-totetrathionate-conversion activity of ThdT; since this is a redox (dehydrogenation) reaction (Fig. 6A) , the electroncarrying cofactor PQQ was included in the reaction. (ii) A new assay system was constructed to explore ThdT activity on tetrathionate. In ThdT:tetrathionate reaction mixtures, GSH was included as an additional substrate because the present physiological data had implicated GSH in A. kashmirensis tetrathionate oxidation (see Fig. 4D-G) . The assay was based on the working hypothesis that ThdT could catalyze the conjugation of GSH and tetrathionate resulting in a GS-S n -sulfonate adduct. Since sulfite is a proven free intermediate of A. kashmirensis tetrathionate oxidation this adduct was predicted to be glutathione:sulfodisulfane (GS-S-S-SO -3 ). Because of the nonredox nature of this hypothetical reaction (Fig. 6B) , PQQ was predicted to have no role in it. ThdT activity for this reaction was measured in terms of the disappearance of thiol groups from GSH [using Ellman Test (Ellman, 1959) ]. Theoretically, GS-S-S-SO -3 should respond to cyanolytic assay in the same way as tetrathionate does (see details in Supporting Information); therefore, disappearance of tetrathionate could not be used as a measure of this reaction.
i. Ferricyanide reduction was found to happen at a rate of 183.3 nmol min 21 ml 21 (Fig. 6D) ThdT and 0, 5, 10, 50 or 100 mM tetrathionate (buffer and other components of the mixture are described in the text). Additionally, one reaction was carried out using 100 lM glutathione, 100 mM tetrathionate and 60 mg ml 21 cell-free extract of untransformed E. coli M15 (instead of ThdT). 
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However, in 1 ml reaction mixtures containing 50 mM phosphate buffer (pH 7.5), 500 nM CaCl 2 , 60 mg ThdT, 0 or 200 nM PQQ and 1 mM tetrathionate, the entire tetrathionate supplied was found to remain intact throughout the 40 min incubation period, irrespective of the presence of PQQ in the reaction mixture. These results proved that ThdT alone does not act on tetrathionate.
The potential GSH:tetrathionate coupling activity of ThdT was tested via two successive sets of reactions. The first sets were carried out in a 1 ml reaction mixtures that contained 50 mM phosphate buffer (pH 7.5), 500 nM CaCl 2 , 60 mg ThdT, 0 or 200 nM PQQ, 100 lM GSH and 0-100 lM tetrathionate. These reaction mixtures were incubated at 308C for up to 40 min, and GSH concentrations in the mixtures were measured at regular time intervals by taking 100 ml aliquots for Ellman Test in the second reaction sets. When the above assay was conducted using 60 lg ThdT, no PQQ, and 100 lM each of GSH and tetrathionate, 43 lM GSH disappeared within 1 min of incubation; subsequently however, the rate of disappearance of GSH slowed down, leading to the overall disappearance of 96 lM GSH in 15 min (Fig. 6E) . When the same assay was repeated by changing only the tetrathionate concentration to 50, 10 or 5 lM, it was found that after 40 min incubation in each case, 97, 23 and 11 lM GSH disappeared respectively (Fig. 6E) . The kinetic pattern of GSH disappearance did not change in any of the reaction sets when 200 nM PQQ was added. At the same time, no ferricyanide reduction was detected in the 1 ml reaction mixture that contained 50 mM phosphate buffer (pH 7.5), 500 nM CaCl 2 , 60 lg ThdT, 200 nM PQQ, 100 lM GSH, 100 lM tetrathionate and 2 mM potassium ferricyanide. The last two results corroborated our hypothesis that the ThdT-mediated GSH:tetrathionate reaction was nonredox in nature. GSH remained intact after 40 min of incubation in all such assay replicates that contained either heat-inactivated ThdT proteins, or cellfree extracts of untransformed E. coli M15 (60 mg ml 21 ).
GSH also remained intact in the reaction set that contained 60 lg ThdT, 100 lM GSH, but no tetrathionate (Fig. 6E) ; furthermore, the protein itself did not react with DTNB to elicit any absorbance at 412 nm. The above data collectively hinted at the formation of new S-S bond(s) between the sulfhydryl (-SH) group of GSH and S atom(s) of tetrathionate, under the mediation of ThdT. Notably, in the present experiments, GSH and tetrathionate reacted in a molar stoichiometry of GSH:tetrathionate 5 2:1. Decrease in GSH concentration by twice the equivalence of tetrathionate can be explained by a scenario where GS-S-S-SO -3 and sulfite are the products of the reaction, and sulfite subsequently removes equivalent amount of GSH from the substrate pool by oxidizing it to GSSG according to Equation 2. This removal of GSH by sulfite is apparently associated with the in vitro reaction only, as in vivo, SorAB potentially oxidizes the sulfite produced from GSH:tetrathionate coupling. Furthermore, since in this reaction, GSH is apparently involved in enzymatic as well as nonenzymatic reactions it was deemed inappropriate to calculate the specific activity of ThdT on the basis of the GSH-disappearance data:
The plausible mechanism of tetrathionate oxidation by A. kashmirensis and other concluding remarks
The molecular biological and biochemical data presented in this study showed that in A. kashmirensis, thiosulfate-to-tetrathionate conversion is rendered equally by the novel protein ThdT and a homolog of the well-studied TsdA; oxidation of tetrathionate to sulfate, on the other hand, involves ThdT, and SoxB and SoxCD. Based on all direct and indirect evidences available, the putative pathway of tetrathionate oxidation in A. kashmirensis can be outlined as follows (Fig. 7) . First, ThdT catalyzes the cleavage of tetrathionate ( -O 3 S-S-S-SO -3 ) by GSH at one of its polar S-SO -3 linkages, potentially resulting in sulfite and the glutathione:sulfodisulfane adduct GS-S-S-SO -3 . We hypothesize that this reaction is potentially initiated by a nucleophilic attack of the free and accessible sulfhydryl group of a cysteine residue of ThdT on a penultimate sulfur moiety of tetrathionate, followed by the release of equimolar sulfite. Subsequent to this, GSH potentially undergoes thiol:disulfide exchange between its free sulfhydryl group and the protein thiol that is attached to the tetrathionate moiety through disulfide linkage. Based on its predicted solvent-accessible surface area (SASA), Cys103 of ThdT seems suitable for this activity [SASA values for the sulfhydryl (-SH) groups of Cys102, Cys103, Cys385 and Cys414 were 17.67, 45.74, 9.73 and 12.77, respectively, relative to the average surface accessibility of Cys residues of a Gly-Cys-Gly tripeptide in random coil conformations (see Supporting Information)]. Corroborating this speculation, preliminary experiments showed that ThdT (60 lg ml 21 1 lM) loses the ability to act on GSH and tetrathionate (100 lM each) upon its pretreatment with the thiol-inhibitor NEM (1 lM); however, which cysteine moiety actually acts on GSH and tetrathionate remains to be identified by site-directed mutagenesis causing amino-acid-substitution. We have consistently observed that in 50 mM phosphate buffer containing only 500 nM CaCl 2 (pH 7.5), GSH did not react with tetrathionate under nonenzymatic conditions; instead disappearance of GSH in DTNB assay happened only in the presence of ThdT. However, a number of previous studies had reported potential reactions between thiols (including GSH) and tetrathionate under nonenzymatic conditions. Footner and Smiles (1925) reported that tetrathionate could get decomposed to thiosulfate by the action of alkali mercaptides; but they did not suggest any reaction between glutathione/cysteine and tetrathionate. Gilman et al. (1946) reported that a variety of sulfhydryl compounds could rapidly convert tetrathionate to thiosulfate in vitro; however, they did not mention the exact reaction conditions under which tetrathionate reduction took place, so it was not verifiable how glutathione/cysteine could render a nonenzymatic conversion of tetrathionate to thiosulfate; moreover, thiosulfate is never formed as an intermediate of tetrathionate oxidation by A. kashmirensis. Szczepkowski (1958) , on the other hand, first showed a nonenzymatic reaction between cysteine (R-SH) and thiosulfate ( -S-SO -3 ) where cysteine sulfonic acid (R-S-SO -3 ) and cysteine thiosulfonic acid (R-S-S-SO -3 ) were formed via the iodinemediated oxidation of cysteine to its disulfide analog. He subsequently proposed that, following a similar mechanism, cysteine polythiosulfonic acids such as cysteine dithiosulfonic acid (R-S-S-S-SO -3 ) might be synthesized using tetrathionate as a reactant. In this context it is noteworthy that in vivo chemolithotrophic systems do not involve inorganic oxidants such as iodine; we, therefore, hypothesize that in A. kashmirensis cells, ThdT might supplement the potential role of inorganic oxidants to render the GSH:tetrathionate reaction.
After the potential ThdT-mediated coupling of tetrathionate and GSH, SorAB can oxidize the sulfite produced, while the adduct GS-S-S-SO -3 may become a potential substrate of a sulfate thiol esterase that can release the terminal sulfone group as sulfate (Fig. 7) . The tetrathionate oxidation-impaired phenotype of Ak_KoB ( Fig. 1F and G), together with the comparative-proteomic data published previously (Alam et al., 2013) , implicate SoxB in this role. The tetrathionate-oxidation-impairment of Ak_KoC suggests that the first sulfane sulfur (-S -) of the residual glutathione S-persulfide (GS-S-S -) can be oxidized by SoxCD to glutathione S-thiosulfate (GS-S-SO -3 ), from which the sulfonate moiety can again be hydrolyzed by SoxB. Finally, the remnant GS-S -can be oxidized via reiteration of the aforesaid (SoxCD 1 SoxB) action. Notably, bioinformatic analyses predicted SoxBCD as well as ThdT to be periplasmic, while physiological data also evidenced the periplasmic localization of the tetrathionate-oxidation machinery of A. kashmirensis. Whereas the involvement of glutathione, which typically is a cytoplasmic molecule, in a periplasmic process seems intriguing, all circumstantial evidences collectively suggest that A. kashmirensis, like a few other bacteria (Eser et al., 2009) , could be capable of exporting glutathione to the periplasm, besides possessing hitherto-unknown mechanisms for arresting potential loss of glutathione through the outer membrane porins. The peculiar collaboration of SoxBCD with a XoxF homolog is unlikely to be a one-off molecular improvisation by A. kashmirensis. Instead, it is quite probable that in the near future, instances of Xox-and Sox-mediated tetrathionate-oxidation would be revealed in many other facultative chemolithotrophs. Furthermore, this Xox-Sox collaboration holds implications for potential mechanistic and evolutionary relationships between methanol oxidation and sulfur oxidation. Information corroborating the above suppositions includes the following. may be oxidized by the iterative actions of SoxB and SoxCD; free GSH could be released at the end of the cycle and coupled again with another tetrathionate molecule.
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In Methylophaga thiooxidans, which can oxidize dimethylsulfide (DMS) first to thiosulfate, and then the latter to tetrathionate (but not sulfate), the thiosulfate oxidation system is constitutively expressed on methanol and is not induced by DMS (Boden et al., 2010) ; many sox-bearing, tetrathionate-oxidizing sulfurchemolithotrophs, e.g., Starkeya novella (Kelly et al., 2000; Kappler and Nouwens, 2013) , Pseudaminobacter salicylatoxidans KCT001 (Lahiri et al., 2006; Alam et al., 2012) and Paracoccus thiocyanatus SST001 Moidu Jameela Rameez et al., unpubl. data) , have xoxF homologs in their genomes; In the genus Rhodobacter, phototrophy is harnessed to Sox-driven lithotrophy , while Xox-based methanol oxidation in some Rhodobacter species is phototrophy-dependent (Wilson et al., 2008) .
Comprehensive metabolomic and phylogenetic investigations are needed to elucidate what appears to be an ancient junction in the evolution of one-carbon compound metabolism and sulfur-lithotrophy.
Experimental procedures
Bacterial strains, plasmids, media and growth conditions Bacterial strains and plasmids used in this study are listed in Table 2 . All strains, wild-type or engineered, were grown and maintained in Luria-Bertani (LB) broth or agar-plates, which were supplemented with appropriate antibiotic(s) whenever required. Chemolithoautotrophic properties of the A. kashmirensis wild-type, or its different mutants, were tested in modified mineral salts (MS) medium (1 g NH 4 Cl, 4 g K 2 HPO 4 , 1.5 g KH 2 PO 4 , 0.5 g MgCl 2 and 5.0 ml trace metals solution in one liter distilled water, pH 7.0) supplemented with 20 mM sodium thiosulfate (MST) or 10 mM potassium tetrathionate (MSTr); in this way, both MST and MSTr contained sulfur equivalent to 40 mM S. The special chemolithoautotrophic medium MSTTr contained both thiosulfate and tetrathionate at equivalence of 20 mM S each. For chemoorganoheterotrophic growth in synthetic medium, MS was supplemented with 4.0 g l 21 dextrose (MSD). The mixotrophic MSTD and MSTrD media were formulated by supplementing MST and MSTr with 4.0 g l 21 dextrose respectively. For all experiments in MS-based media, seed cultures of A. kashmirensis wild-type/mutants were prepared in LB broth; 1% (vol/vol) inocula were then transferred from mid-log phase seed-cultures to experimental cultures in MS-based media. E. coli were incubated aerobically at 378C, whereas A. kashmirensis and its mutants were incubated aerobically at 288C. Broth cultures were kept in incubator shakers at 150 rpm.
Isolation of total cellular RNA and qualitative RT-PCR
For total cellular RNA isolation, cells grown in different media types were harvested at different time-points of incubation. For MSD-, MSTD-or MSTrD-grown cultures, cells were harvested at early-log phases, while cell-harvesting from MST-or MSTr-grown cultures was done when 40% of the supplied thiosulfate had been converted to tetrathionate, or 40% of the supplied tetrathionate was converted to sulfate respectively. RNA was isolated using the TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA) following manufacturer's protocol with some minor modifications. Details of this procedure have been provided as Supporting Information. First-strand cDNA was synthesized from a given RNA preparation using random hexamer primers and RevertAid Reverse Transcriptase (RT) enzyme (both from Thermo Fisher Scientific). One set of reaction was also carried out parallely without the RT to confirm that the subsequent PCR results were not due to genomic DNA contamination. Following cDNA synthesis, PCR was performed upon the cDNA template using appropriate primer pairs: 2 ll of the RT-reaction mixture was added as template in a 50 ll PCR using Taq DNA polymerase.
Knock-out mutagenesis
Homologous recombination-based techniques were used to generate insertional mutations in the soxY (TKWG_RS07265), soxB (TKWG_RS07290), soxCD (TKWG_RS07255 and TKWG_RS07260), thdT (TKWG_RS12930) or the tsdA (TKWG_RS10350) genes of A. kashmirensis.
Since the soxY sequence does not contain any unique restriction site suitable for the insertion of an antibioticresistant cassette, a new MluI site had to be incorporated into it via fusion PCR method, as illustrated in Supporting Information Fig. S7 . A kan R gene, amplified from the plasmid pUC4K, was then inserted into this MluI site. All the primers that were used to generate this construct have been listed in Supporting Information Table S4 . The final construct pKKoY::Kan R , cloned in pKAS32, was delivered into A. kashmirensis WT001_SCm from the donor E. coli SY327 kpir via conjugative plate-mating. Double cross-over mutants that had apparently lost the plasmid backbone and retained only the soxY-integrated kan R gene were obtained by appropriate selection strategies (detailed procedure for all the individual mutations have been provided as Supporting Information). soxB was knocked out by inserting a kan R gene into the unique MluI site already present in its sequence. The recombinant plasmid used in this purpose was constructed on a pKAS32 backbone (see Supporting Information Fig. S8 ; all relevant primers are listed in Supporting Information Table  S5 ). This construct pKKoB::Kan R was transformed into E. coli SY327 kpir to produce the donor from where it was delivered into A. kashmirensis WT001_SCm. Strategy for selecting the double cross-over mutant was same as that used for soxY-mutation. soxC or soxD of A. kashmirensis does not have any unique restriction site, so the knock-out construct incorporating a cam R cassette had to be created by a fusion PCR technique (Shevchuk et al., 2004) involving the four PCR reactions illustrated in Supporting Information Fig. S9 . All the primers used in this process are listed in Supporting Information Table S6 . The final construct pKKoC::Cam R was transformed into E. coli S17.1 kpir, from where it was delivered to A. kashmirensis WT001_SR. Eventually soxCD was knocked out by exchanging the cam R gene with an A. kashmirensis genomic segment encompassing a large portion of the 3' end of the soxC ORF and a short portion of the 5' end of the soxD ORF.
The thdT gene was knocked out by inserting a tet R gene cassette into a unique KpnI site native to its sequence. As illustrated in Supporting Information Fig. S10 , the overall strategy of this construction was essentially similar to that used for the soxB construct, but since the pKAS32 backbone already contained a KpnI site, this construct was first generated via cloning in the pGEM-T Easy vector system (Promega, Madison, WI, USA) and, then, it was transferred to pKAS32 by ligating between its XbaI and SacI sites. All the primers used in the production of the final construct pKKoP::Tet R are listed in Supporting Information Table S7 . This construct was delivered into A. kashmirensis WT001_SR from E. coli S17.1 kpir; the selection strategy used to obtain double cross-over mutants was same as that for soxY mutation.
The tsdA gene was knocked out following a method similar to that used to mutate the soxY gene. An MluI site was incorporated into it via fusion PCR method, as illustrated in Supporting Information Fig. S11 , and a kan R cassette, amplified from the plasmid pSUP5011::Tn5, was then inserted into this MluI site. All the primers that were used to generate this construct have been listed in Supporting Information Table S8 . The final construct pKKoT::Kan R , cloned in pKAS32, was delivered into A. kashmirensis WT001_SR from the donor E. coli S17.1 kpir via conjugative platemating. A double cross-over mutant that had apparently lost the plasmid backbone and retained only the tsdAreplacing kan R gene was obtained by appropriate selection strategies. The DtsdA-DthdT double-mutant strain was generated by insertinally inactivating the tsdA gene of Ak_KoP by a method exactly similar to that used to generate the DtsdA single mutant.
Complementation of the knock-out mutants
Every knock-out mutant was complemented by delivering in trans the wild-type copy of the gene that was disrupted in the mutant in question. The relevant wild-type gene, along with the potential promoter sequences located in its upstreams, was isolated by PCR, cloned into the A. kashmirensis shuttle Sox-Xox collaboration for tetrathionate oxidation 185 vector pBTKAS and transformed into the concerned mutant strain for complementation in trans. A native promoter sequence was always supplied alongside the wild-type gene for complementation because pBTKAS did not have any promoter in the upstream of its Multiple Cloning Site. To construct the soxB-complementing plasmid pBTKASsoxB, a 2083 bp fragment of the A. kashmirensis genome, encompassing the soxB gene and the P3 promoter located just upstream of it (Fig. 1A) , was amplified by PCR using specific primers containing XbaI-sticky-ends, digested with XbaI and finally ligated to pBTKAS. pBTKASsoxB was then electroporated into Ak_KoB, and the transformed, soxB-complemented strain was selected on the basis of resistance against ampicillin or chloramphenicol, genes for which are present in the shuttle vector pBTKAS. Ak_KoC, Ak_KoP and Ak_KoT too were complemented as above. In case of Ak_KoC, a 3255 bp fragment encompassing the P1 promoter, soxC and soxD (Fig. 1A) was PCR-amplified using specific primers containing XbaI-sticky-ends and cloned into pBTKAS to generate the soxCD-complementing plasmid pBTKASsoxCD. Ak_KoP was complemented by the plasmid construct pBTKASthdT that contained a 2157 bp PCR product, which in turn encompassed thdT and its bioinformatically-predicted upstream promoter P P (Fig. 5A ). Ak_KoT was complemented by delivering tsdA via the pBTKAS-based construct pBTKAStsdA that contained a 2163 bp, PCR-amplified and XbaI-digested, fragment encompassing tsdA and its bioinformatically predicted upstream promoter P T (Fig. 5A ). All the primers used in the complementation studies are given in Supporting Information Table  S9 .
Proteomic study
Isolation of total cellular protein of A. kashmirensis WT001 T , followed by two-dimensional gel electrophoresis (2DE) and MALDI-MS-based identification of the proteins, was done as described earlier (Alam et al., 2013; Alam and Ghosh, 2014) . MSD-, MSTD-or MSTrD-grown cells were harvested and total cellular proteins were isolated from them by phenol extraction. The purpose of using dextrose (4 g l 21 )-supplemented variants of MST or MSTr media was to generate more cell mass for protein isolation: this could be done safely because heterotrophic processes do not interfere with sulfur compounds oxidation in facultative chemolithotrophs such as A. kashmirensis. Cells grown in MSD were harvested from mid-log phase cultures, while harvesting of cells from MSTD-or MSTrD-grown cultures was done when 80% of the supplied thiosulfate had been converted to tetrathionate or 80% of the supplied tetrathionate was converted to sulfate respectively. Equal quantities of the total cellular proteins isolated from each of the three culture-types were separated individually by 2-DE, and the three distinct protein maps generated in this way were compared as follows. The 2DE gels were stained with coomassie brilliant blue r-250 dye (BioRad) and documented using Versa Doc 4000 (BioRad). Detection of the protein spots of interest (via the Spot Detection Parameter Wizard, using Gaussian model with background sensitivity of 7.0) and their densitometric analysis were carried out using the software PDQuest Advanced (version 8.0.1). The above experiments were repeated thrice for each of the three culture types, and protein spots which, in all three replicates, expressed differentially in MSTD-and/or MSTrD, as compared to MSD, were excised from the gel of choice and subjected to trypsin digestion. The digested peptides recovered in this way were identified by MALDI-MS and MS/MS on an AutoFlex II (Bruker Daltonics, Billerica, MA, USA) MALDI-tandem time of flight (TOF/TOF) machine equipped with a pulsed N 2 laser (k 5 337 nm, 50 Hz), and analyzing the mass-spectra by the MASCOT search engine (Matrix Science, Boston, MA, USA).
Periplasmic proteins were isolated and processed for 2DE by a method slightly modified from one described earlier (Ames et al., 1984) . Cells from 100 ml culture grown in MSD, MSTD or MSTrD were harvested by centrifugation at 4000 3 g for 8 min, following which the supernatant was discarded and the tube was vortexed for 10 s so that the cells got homogenized in the residual medium. 200 ml chloroform was then added and the mixture vortexed for 30 s. The tube was then kept in laminar air hood to evaporate the chloroform. After that, 1 ml of 10 mM Tris-Cl (pH 8.0) containing 1 mM phenylmethylsulfonyl fluoride (PMSF) and 5 mM EDTA was added to the tube and vortexed for 30 s. After centrifugation at 16000 3 g for 15 min, the supernatant was carefully transferred to a fresh tube; equal volume Tris-saturated phenol (pH 8.0) was added and kept on ice for 10 min with intermittent inversion of the tube five to six times. Following centrifugation (16000 3 g for 10 min), the lower phenol phase was transferred to a fresh tube and equal volume of a buffer containing 100 mM Tris-Cl (pH 8.5), 5 mM EDTA, 2% (vol/vol) b-mercaptoethanol, 1 mM PMSF, and 30% (wt/vol) sucrose was added and mixed with the phenol. The tube was kept on ice for 10 min with intermittent (five to six times) inversion, following which it was centrifuged as above. The upper phenol phase was taken into a new tube and protein was precipitated and processed for 2DE as described earlier (Alam and Ghosh, 2014) .
Physiological and biochemical experiments
Ability of A. kashmirensis and its mutants to chemolithotrophically oxidize thiosulfate or tetrathionate was checked by growing them in MST or MSTr media respectively. For this purpose, 5 ml cultures were taken at appropriate time points, centrifuged at 9500 3 g for 5 min, and concentrations of dissolved thiosulfate, tetrathionate and sulfate in the supernatant measured by iodometric titration, cyanolytic method and gravimetric precipitation method, respectively (Kelly and Wood, 1994; Ghosh et al., 2005; Dam et al., 2007; Alam et al., 2013) ; sulfite was measured spectrophotometrically with pararosaniline as the indicator (West and Gaeke, 1956) .
Activities of the thiosulfate-, tetrathionate-or sulfiteoxidizing enzyme systems were assayed in the CFEs of MSD-, MST-or MSTr-grown cultures. Cells were harvested from mid-log phase cultures grown in MSD, while harvesting of cells from MSTD-or MSTrD-grown cultures was done when 80% of the supplied thiosulfate had been converted to tetrathionate or 80% of the supplied tetrathionate was converted to sulfate respectively. Harvested cells were washed twice and resuspended in 50 mM potassium phosphate buffer (pH 7.5), following which they were lysed by sonication. After high-speed centrifugation at 16,000 3 g for 20 min, supernatants were taken out in fresh tubes as crude CFEs and their protein concentrations determined by Bradford method. Thiosulfate dehydrogenase activity in the CFEs was determined by a method improvised from that described earlier (Trudinger, 1961a) . A reaction mixture (2.0 ml) containing 50 mM potassium phosphate buffer (pH 7.5), 2 mM potassium ferricyanide, 7.5 mM of sodium thiosulfate and CFE (ffi200 mg of protein) was prepared to start the reaction. Enzyme activity was determined spectrophotometrically by measuring the rate of ferricyanide reduction at 420 nm. Activity of the tetrathionate-oxidizing enzyme system in the crude CFEs was estimated following a method identical to the one used for thiosulfate dehydrogenase, except for the fact that here 7.5 mM potassium tetrathionate was added instead of sodium thiosulfate. Sulfite dehydrogenase/oxidase activity in the CFEs was assayed by a method modified from one described earlier (Mukhopadhyaya et al., 2000) . Here, the reaction mixture (2.0 ml) contained 50 mM Tris-HCl (pH 7.9), 2 mM potassium ferricyanide, 3 mM sodium sulfite in 5 mM EDTA and CFE (ffi200 mg of protein). Enzyme activity was determined spectrophotometrically by measuring the rate of ferricyanide reduction at 420 nm. To check the potential effect of glutathione on the activities of these enzyme systems, the above reactions were again carried out separately by adding 10 mM GSH to the respective reaction mixtures. Total enzyme activity and specific activity in all the above cases were expressed as mmol of ferricyanide reduced min respectively. To measure substrate-dependent oxygen consumption, cells grown in MSD, MST or MSTr were harvested at the same growth stages as stated for the CFE-based enzyme assays. Harvested cells were washed twice with 50 mM potassium phosphate buffer (pH 7.5) and finally resuspended in the same buffer. Cells were maintained at 308C for no longer than 2 h before being used for oxygen consumption assays. Oxidation of reduced sulfur compounds was measured polarographically in a Biological Oxygen Monitor having a Clarke-type oxygen electrode (Yellow Springs Instruments, Yellow Springs, OH, USA), at 308C, in potassium phosphate buffer (pH 7.5) with cells equivalent to 300 mg of proteins in 3 ml reaction volumes. Substrate concentrations in the reaction mixtures were as follows: sodium thiosulfate 10 mM; potassium tetrathionate 5 mM and sodium sulfite 2 mM in 5 mM EDTA. Calculations were based on the assumption (according to the instrument manual) that an 18% change in oxygen concentration equals to 2.71 ml of oxygen consumed. In all the above cases, oxygen consumption rates (expressed as nmol of oxygen consumed mg cellular protein 21 min
21
) were corrected for chemical-or auto-oxidation of substrates and endogenous respiration rates.
To check the potential role of thiol groups in substratedependent oxygen consumption rates of A. kashmirensis, harvested cells were treated with the thiol-binding reagents NEM or iodoacetamide (1 mM of the tested reagent for 10 min), following which their oxygen consumption rates were determined and compared with the rates determined for untreated cells. For NEM-or iodoacetamide-treated cells, oxygen consumption rates were additionally measured in potassium phosphate buffer having pH 8.5 [since these reagents react optimally with the thiolate anion resulting from deprotonation of thiol group (typical pK a 8.3) (Hilger and Jung, 2009) ], over and above the tests in the potassium phosphate buffer having pH 7.5. To remove the excess NEM or iodoacetamide before polarographic assays, inhibitor-treated cells were washed with 50 mM potassium phosphate buffer having pH 7.5 or 8.5, according as the pH of the assay buffer was 7.5 or 8.5. Notably, substrate-dependent oxygen consumption rates of inhibitortreated cells did not change upon changing the pH of the assay buffer to 8.5 from 7.5. Hence, only the data obtained by using the assay buffer of pH 7.5 are shown in Fig. 4A-C .
Potential effect of GSH on the sulfur substrate dependent oxygen consumption by A. kashmirensis was verified separately by treating the harvested cells with 10 mM GSH for 10 min prior to the oxygen consumption assays. Treated cells were washed with 50 mM potassium phosphate buffer (pH 7.5) to remove extra GSH. Oxygen consumption values obtained for GSH-treated sets were finally compared with the values already obtained for the untreated ones.
Cloning, overexpression and isolation of ThdT
The thdT gene was PCR amplified from genomic DNA using the primer pair listed in Supporting Information Table  S3 . The thdT amplicon (1841 bp) was cloned into the expression vector pQE30 (Qiagen) to produce the plasmid pQthdT and was transformed into E. coli strain M15. The host was then cultured at 378C in 100 ml of LB medium that had been supplemented with 1 mM CaCl 2 , 100 lg ml 21 ampicillin and 25 lg ml 21 kanamycin. When the culture reached an OD 600 of 0.6, thdT expression was induced with 100 mM isopropyl b-D-thiogalactopyranoside (IPTG) and growth was continued for another 16 h at 168C. After harvesting, the cells were re-suspended in a lysis buffer (pH 8.0) that contained 10 mM imidazole, 50 mM NaH 2 PO 4 , 300 mM NaCl, 1 mM CaCl 2 , 200 lM PMSF and a few crystals each of lysozyme and DNase I. The resuspended cells were broken by two passages (15 s each) through a French Press (Constant Cell Disruption System, One Shot model, UK) at 18 Kpsi. After removal of the cell debris, the supernatant containing the His6-tagged recombinant ThdT protein was isolated via Ni 21 -NTA agarose affinity chromatography using wash (20 mM imidazole, 50 mM NaH 2 PO 4 , 300 mM NaCl, 1 mM CaCl 2 , 200 lM PMSF) and elution (250 mM imidazole, 50 mM NaH 2 PO 4 , 300 mM NaCl, 1 mM CaCl 2 , 200 lM PMSF and 10% glycerol) buffers, according to the manufacturer's instructions (Qiagen, Hilden, Germany). Protein fractions containing the desired protein were pooled up, desalted and separated from imidazole by dialysis via a PD-10 column (Thermo Fisher Scientific) with buffer exchange [50 mM phosphate buffer (pH 7.5) and 10% glycerol, with the mixture having Sox-Xox collaboration for tetrathionate oxidation 187 pH 7.4]. The almost-pure ThdT obtained in this way was quantified by Bradford assay [purity was checked by 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)].
Testing ThdT for thiosulfate dehydrogenation, tetrathionate hydrolysis and GSH:tetrathionate coupling activities Thiosulfate dehydrogenase activity was assayed in 1 ml reaction mixtures containing 50 mM potassium phosphate buffer (pH 7.5), 500 nM CaCl 2 , 15-60 lg of ThdT, 0-200 nM PQQ, 2 mM potassium ferricyanide and 10 mM sodium thiosulfate, added in that sequential order (ferricyanide and thiosulfate were added 3 min after addition of the first four components, allowing ThdT and PQQ, whenever the latter was present, to combine before the reaction started). The mixture was incubated at 308C for 35 min, and the activity of the enzyme determined by spectrophotometric measurement (absorbance at 420 nm) of the amount of ferricyanide reduced mg protein 21 min
21
. Tetrathionate hydrolase activity was tested in 1 ml reaction mixtures that contained 50 mM phosphate buffer (pH 7.5), 500 nM CaCl 2 , 60 mg ThdT, 0 or 200 nM PQQ and 1 mM tetrathionate, added in that sequential order. Tetrathionate was added 3 min after addition of the first four components, allowing ThdT and PQQ to combine (whenever PQQ was used) before the reaction started. The reaction mixtures were incubated at 308C for up to 40 min, and tetrathionate concentrations were measured in the reaction mixtures by taking out 150 ml of the mixtures at various time points of incubation and subjecting them to cyanolytic assay.
GSH:tetrathionate coupling activity was tested via two successive reaction sets. The first sets were carried out in 1 ml mixtures that contained 50 mM phosphate buffer (pH 7.5), 500 nM CaCl 2 , 60 mg ThdT, 0 or 200 nM PQQ, 100 lM GSH and 0-100 lM tetrathionate, added in that sequential order. GSH and tetrathionate were added 3 min after addition of the first four components, allowing ThdT and PQQ to combine (whenever PQQ was used) before the reaction started. These reaction mixtures were incubated at 308C for 40 min, and GSH concentrations were measured at regular time intervals by taking out 100 ml of the mixtures and subjecting them to Ellman Test in the second reaction sets. Each Ellman reaction set contained 10 mM DTNB [5,5 0 -dithiobis-(2-nitrobenzoic acid)] and 100 ml of the relevant first reaction mixture in a 200 ml final volume and was incubated for 2 min before measuring its OD 412 . In Ellman Test, GSH concentration is measured spectrophotometrically in terms of the absorbance by thionitrobenzoic acid (E 5 13,600 M 21 cm 21 , k 5 412 nm) produced in the reaction between DTNB and GSH (Ellman et al., 1959) .
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